INTRODUCTION
A transfer RNA (tRNA) is a relatively small polynucleotide with an approximate molecular weight of 25,000 (Fig. 1) . It plays very important roles in various molecular recognitions (1) , which are very interesting themes in the field of molecular biology, and has been studied from various directions.
X-ray analysis of the crystal of E. coli glutaminyl-tRNA synthetase (GlnRS) complexed with tRNA 011 revealed that, in the process of the recognition of tRNA by its cognate aminoacyl tRNA synthetase (ARS), ARS interacts with tRNA from the acceptor stem to the anticodon along the entire inside of the Lshape of tRNA (2) . Some bases called 'identity' are found to have a very important role using biochemical methods. Therefore, the three dimensional characteristic of tRNA is essential to determine the mechanism of tRNA-ARS interaction. In addition, several bases called 'invariant bases' construct tertiary hydrogen bonds and attribute to maintain the L-shape of tRNA (3) . Furthermore, tRNAs have to interact with a variety of other molecules. Thus, the internal movements or dynamic characteristics of the entire structure of tRNA seems to be essentially important. So it is meaningful to study the movement of the structure quantitatively.
There are several studies which analyze the conformational change in the structure of a tRNA molecule. Olson et al. (4) and Patkowski et al. (5) investigated spectroscopic properties of tRNA solutions by laser light scattering and discussed the conformational change or internal movements of tRNA due to the change in solution conditions, such as ionic strength and temperature. Using a computational method, Harvey et al. (6) and Prabhakaran et al. (7) studied the atomic motions of tRNA Phc . They applied a 24-ps molecular-dynamics simulation and found that the amplitude of the motions of tRNA is larger than that of globular proteins. In the double-helical regions of the molecule, very rapid motions along the helix axis are dominant on a time scale shorter than about 0.5 ps, while the transverse motions become major over intervals longer than about 2 ps.
Considering the unique shape of the L, which consists of two double helices, which are the anticodon stem and the D stem, and the acceptor stem and the T stem, the motions of tRNA are intuitively thought to be hinge bending motions. Nilsson et al. (8) studied the structure of the complex formed in solution between yeast tRNA 1 " 1 * and E. coli tRNA 2 Glu by small-angle x-ray scattering. They revealed the possibility of the acceptor arm folded toward the anticodon arm. Wickstrom et al. (9) measured the distance between two regions in tRNA 11 * molecule using molecular rulers and reported the flexibility of 3' terminus and the anticodon arm. Robertus et al. (10) studied the crystals of tRNA"* by 3 A resolution X-ray analysis and suggested a hinge between the D and the anticodon stem. Olson et al. (4) proposed a hinge around the elbow region of the L-shape, in the region of P8 and P49. Tung et al. (11) uses several hinge axes and calculated the energy cost for the bending. In these studies in Ref. 4 ,10 and 11, all the hinge axes are defined empirically. Harvey et al. (12) extended the simulation in Ref. 11 and analyzed the large scale folding of tRNA using modified molecular dynamics simulation.
•To whom correspondence should be addressed To analyze the structural characteristics of tRNAs, we applied normal mode analysis in terms of dihedral angles to tRNAs (13) . This method has been carried out for the structural studies of proteins (14, 15) . These studies were for proteins with atoms involved in the calculations less than about 1200 and in globular shape. Using this method, in this paper, we divide the total collective movements of the entire structure into motions corresponding to each normal mode over a wider time range than with other methods. We investigate the displacements of atoms or thermal fluctuations of dihedral angles, internal motions in modes with various frequencies, hinge bending motions in modes with very low frequencies with hinge axes which are calculated without prior knowledge, and other dynamic characteristics. The results provide us with many useful suggestions for the study of the dynamics of the conformations of tRNAs.
MATERIALS AND METHODS

The theory of normal mode calculation
In this paper, dihedral angles (0,) along the phosphate-ribose backbone (a, j3, y, e, f) and dihedral angles of glycosyl bonds (x) are selected as the generalized coordinates for the normal mode calculation (Fig. 2) . Bond lengths and bond angles are treated as fixed. Harvey et al. (6) reported that all sugar puckers except two kept the initial conformation during molecular dynamics simulation of tRNA"*. So we fix sugar puckers.
When we assume that the conformational energy of a molecule (V) and the kinetic energy (AT) can be approximated as quadratic functions of dihedral angles (0J and their differential with respect to time (0J around the minimum of the energy, V and K can be expressed as follows: 
where Q^ is the normal vibration and is expressed as follows:
From Eqs. (5) and (6) Equation (11) gives the mean-square thermal fluctuations of dihedral angles: (12) The displacement vector of the a > th atom in the Zrth normal mode Dot is given as follows:
We analyze the localization of the motions with various frequencies using the two parameters of L b and R b (16) as the indices of the localization, which describe the center and the radius of the localization in Zrth normal mode, respectively. They are expressed as follows:
where r a 0 is the position vector of ath atom at the energy minimum conformation.
Assuming that the internal movement of the structure is a hinge bending motion of two domains, the position of the corresponding hinge axis and the root-mean-square bend angle can be calculated without assuming the position of the hinge axis. The hinge axis and the bend angle are determined so that the internal movement defined by the hinge axis and the bend angle best fits the motion corresponding to a calculated normal mode. This best fitting is accomplished as follows. First, we define two domains. The first domain consists of nucleotides 1 -8 and 47-76 and the second domain consists of nucleotides 9-46. We then consider the change in the distance between each pair of atoms (one atom belongs to the first domain and the other belongs to the second domain). The hinge axis and the bend angle are calculated so that they minimize the sum of the squares of the following value: where x represents six parameters to determine the hinge bending motion, that is, the three coordinates of a point on the axis, the two parameters which describe the direction of the axis, and the bend angle around the axis. The parameter A/p)(x) stands for the change in the distance between the ith atom in the first domain and the yth atom in the second domain for the hinge bending motion defined by x, and Al ljy ) is the change in the distance between the ith atom and tfiejth atom in the Xth normal mode. (17) . The coordinates of two nucleotides, C and A, lacking at the 3'-end of 2TRA, are also created by the use of AMBER 3.0A.
3. Energy minimization in the Cartesian coordinate space of atoms created in the above procedure is carried out using AMBER 3.0A. This procedure is accomplished by 10 cycles of the steepest descent minimization followed by the conjugate gradient minimization.
4. Starting from the coordinates described above, the conformational energy with respect to the selected dihedral angles is minimized using the combination of the steepest descent method and the Newton-Raphson method. In the minimization, we use two convergence criteria. One involves all the eigenvalues of matrix F becoming positive, and the other involves the change in the conformational energy becoming lower than a threshold of 10~8 kcal/mol. The gradient norm at the final conformation is 2.7 X 10~1 3 kcal/mol/rad. The conformational energy function and force parameters are those of AMBER 3.0A. Computer programs for the calculations of the second-derivative matrix F in Eq. (2) and the coefficient matrix of the kinetic energy H in Eq. (4) are written according to the algorithm by Wako & Go (18) and Noguti & Go (19) , respectively.
5. The generalized eigenvalue equation Eq. (8) is solved for the minimized structures of the previous procedure, and the internal motion corresponding to each normal mode is calculated. Subroutine RSG in the EISPACK library (20, 21) is used for this purpose. Time-averaged properties which appear in Eqs. (10), (11) and (12), displacement vectors defined by Eq. (13) , and the center and the radius of localization defined by Eq. (14) and (15) are obtained using the results of the normal mode calculation.
All mature tRNAs are known to contain many modified nucleosides (22) . Because we have no information about the electric charge for the modified nucleotides, these data are calculated using the electrostatic potential charge of MOP AC 6.0.
The minimization of the sum of the squares of Eq. (16) is calculated using the subroutine LMDER in the MINPACK library. The distances between heavy atoms in the phosphateribose backbone in the first and the second domains are considered in the calculation. The numbers of such atoms are 360 in the first domain and 399 in the second domain.
The internal motion corresponding to each normal mode and the position of calculated hinge axes are observed using the graphics and animation system LIVE (23).
RESULTS AND DISCUSSION
Fluctuations of atoms
The root-mean-square fluctuations of atoms defined by Eq. (10), averaged over those of each nucleotide, are plotted in Figure 3 . The solid line is the result of the calculation, whereas the broken line is calculated from crystallographically obtained B factors. The relationship between B factor (B) and thermal fluctuation of an atom (d) is expressed as follows:
The solid and the broken lines resemble each other in shape for both 4TRA and 2TRA (Fig. 3a, b) , showing the effectiveness of the calculation. In the solid line high peaks are observed at the free ends of the anticodon arm and the acceptor arm. In the solution, however, these excess free end motions will be damped by the surrounding solvent. Figure 4 and Table 2 show the distribution of the calculated frequencies. The two distributions resemble each other in shape, but 2TRA has higher frequency distribution than 4TRA. The mean frequency of 4TRA and 2TRA is 65.4 cm" 1 and 68.0 cm" 1 , respectively. The lowest frequency is 0.60 cm" 1 for 4TRA and 0.61 cm" 1 for 2TRA. About 16-17 % of the number of modes are below 20 cm"
Distribution of frequencies
1 . The shapes of the histograms are similar to those of globular proteins (14, 15) . In the cases of tRNAs, however, they have the smaller value of the highest frequencies and the inclination of the distribution towards low frequency is smaller. The mean frequencies are of the same order as those of proteins. The lowest frequencies of tRNAs are about 0.60 cm" 1 and are smaller than the values of 2.3-5.7 cm" 1 for proteins (14, 15) . As described in the following section, dominant motion of tRNAs at the lower frequency is swinging of the whole L-shape arms. The arm length of tRNA is approximately 80 A, whereas the diameters of those globular proteins are less than 50 A. Elongated shape of tRNAs may cause the difference in low-frequency motions from the proteins. Figure 5 shows the displacement vectors in modes with three different frequencies of 4TRA. It is evident that the lower the frequency becomes, the wider the range of the motion becomes. In the mode with the highest frequency (Fig. 5a ), the movements of atoms are mainly in nucleotides T54, 4/55, G57 in the Ti/C loop and G18 in die D loop. Most of these nucleotides are 'invariant bases.' The centers of the motions in modes with higher frequencies defined by Eq. (14) are distributed around each stem and the elbow region of the L-shape. These parts fluctuate in specific frequencies. In modes with frequencies higher than about 130 cm" 1 , the motions are localized within a spherical zone of about 12 A in radius defined by Eq. (15) . A similar distribution of radii is seen also for 2TRA.
Motions of the entire structure
On the other hand, the motions are collective and nonlocalized in modes with lower frequencies. Figures 6 show the first to the third lowest mode of 4TRA. These movements are observed using computer animation. The following is a subjective description of each mode. Here we define 'P', which indicates the plane made by two segments of the L, which consist of a helical axis of the anticodon stem and the D stem (the axis of the second domain, hereafter denoted as 'axis A') and the helical axis of the acceptor stem and the T stem (the axis of the first domain, hereafter denoted as 'axis B').
We get 453 and 445 modes for 4TRA and 2TRA respectively, and here we give a number to each mode from the lowest frequency. The first mode is the lowest frequency mode and the 453rd and 445th mode is the highest for 4TRA and for 2TRA, respectively. Motions corresponding to the first to the third lowest mode are observed for 4TRA. In the first mode, the motion is mainly hinge bending motion, rotational motion of axis A relative to axis B in plane P. The maximum amplitude of the displacements of atoms defined by Eq. (13) is 2.9 A. That means that the maximum amplitudes of the swinging motion of the free ends of axis A and axis B is about this 2.9 A. Twisting motions of axis A and axis B themselves are seen. On the other hand, in the second mode, the acceptor stem rotates around axis A. Twisting motions of the anticodon stem are also observed. Internal distortions of the stems except for the anticodon stem are relatively small. In the third mode, the acceptor stem rotates around axis A. The amplitude of rotational motions is less than that of the first and the second mode. The amplitude of the twisting motions is also less than that of the first and the second mode.
For 2TRA, motions are observed as follows. In the first mode, the motions are similar to those in the first mode of 4TRA. The amplitude of the twisting motion of each stem is smaller compared to that of 4TRA. In the second mode, the major motion is a bending motion in plane P at the acceptor stem. Twisting is relatively large both in the acceptor stem and in the anticodon stem. In the third mode, the amplitude of hinge bending motions is small. Twisting motions of the acceptor arm and the anticodon arm are major.
Among the motions mentioned above, internal deformations in the first and the second domain are small and hinge bending motions in plain P and rotational motions around axis A or axis B are found to be dominant. This fact indicates that the first and the second domain behave like two rigid bodies. The dominant motion in the lower frequencies is concluded to be relative motion between these two parts.
To describe these relative motions more precisely, hinge axes are estimated by minimizing the sum of the squares of Eq. (16). The calculated axes are shown in Figure 7 . The hinge axis of the first mode of 4TRA goes through U8 and C48, which are located in the elbow region of the L (Fig. 7a) . This hinge axis is close to that set a priori by Olson et al. (4) . The axis is approximately perpendicular to P, so the dominant motion can be said to be the hinge bending motion, that is, increasing or decreasing of the angle of the L-shape. The maximum amplitude of the bend angle is 5.1 degrees, which causes the maximum displacements of atoms of 2.9 A at the free end. The hinge axis of the second mode goes through U8 and G18 (Fig. 7b) . Table 3 shows the correlation coefficients between two dihedral angles defined by Eq. (11) in the nucleotides adjacent to each other. The absolute values of correlation coefficient between a and other dihedral angles in the phosphate-ribose backbone, between /3 and e and between tand f are large. The correlation between a and y is the largest among the dihedral angles in the backbone. This result agrees with the study by Perahia et al. (24) , who reported the same correlation using a molecular orbital calculation. It is interesting that the similar correlation is observed in their calculation including sugar puckers as movable parameters, which are fixed in our calculation. The correlations between x and other dihedral angles are small. This result shows that die dihedral angles along the phosphate-ribose backbone correlate mutually.
Fluctuations of dihedral angles
In Figures 8 , the fluctuations of dihedral angles defined by Eq. (12) are plotted against the nucleotide number. In addition to the free end of the anticodon arm and die acceptor arm, peaks of fluctuation can be seen at G51 and D16 in 4TRA and A22, U47 and G50 in 2TRA, which are located in the elbow region of the L. The peak values are about five to six times larger than the average values. The regions which have these peaks are thought to play an influential role in the dynamics of the molecule. Nucleotide number 
Summary of results
Here we summarize the results of the calculation. 1. Calculated displacements of atoms agree well with crystallographically obtained B factors. The calculated and the B factor lines resemble each other for both 4TRA and 2TRA except that high peaks are observed at the free ends of the anticodon arm and the acceptor arm in the calculation. However, solvent is expected to damp the excess movements of these ends. This shows the effectiveness of our calculation.
2. Distributions of frequencies for tRNAs are similar to that for proteins. The values of lowest frequencies for two tRNAs are, however, smaller than those for proteins. Dominant motion of tRNAs at the lower frequency is swinging of the whole Lshape arms. The arm lengths of tRNA is about 80 A, whereas the diameters of globular proteins in the previous researches are less than 50 A. Elongated shape of tRNAs may cause the difference in low-frequency motions from the proteins.
3. In modes with higher frequencies, the motions are localized to each stem and to the elbow region of the L-shape.
4. In modes with lower frequencies, the motions are collective and nonlocalized. Motions corresponding to each mode at very low frequency are found to be relative motions between two domains, which have their own specific axes and bend angles. The total movements at very low frequencies are the combination of these motions.
5. About 96 % of the displacement is derived from the modes with frequencies below 10 cm"
1 . This fact shows that the motions at lower frequencies are dominant. Relative motions between anticodon stem and the other parts and relative motions between the first and the second domain are observed separately in the different modes. Solvent is not included in the present calculation. Solvent will reduce the amplitude of these lowfrequency motions. However, solvent will not change the collectiveness of the low-frequency motions, nor will it change their directions. Thus, these results will also be valid in water.
6. The values of correlation coefficients between two dihedral angles in the nucleotides adjacent to each other show that the dihedral angles along the phosphate-ribose backbone correlate mutually. The correlations between x and other dihedral angles in the backbone are small. The correlation between a and yis the largest among the other dihedral angles ir> the backbone. This fact agrees with the previous study.
7. Some nucleotides around the elbow region of the L-shape display thermal fluctuations about five to six times larger than the average value. These nucleotides are thought to play an influential role in the dynamics of the molecule.
CONCLUSIONS
Normal mode calculation of tRNAs seems to be a practical method for studying the structure and function. The calculated positional displacement of each atom agrees with the value calculated from B factors. In the calculation, the total movements are divided into motions corresponding to normal modes, in the time range between 0.2 and 56 ps. This wide time range will not be realized using molecular dynamics simulation. The motions at higher frequencies are localized at the stems and the elbow region of the L. In modes with frequencies below 130 cm* IE *', twisting of double-helical regions and bending of arms are observed. At very low frequencies, the movement is the combination of hinge bending motions with various hinge axes, showing that the structures are deformable along the directions of these movements. This analysis seems to be useful for studying the conformational changes induced when they interact with another molecule, such as ARS or codon. The thermal fluctuations of dihedral angles well reflect the dynamic characteristics of the molecule. There are some dihedral angles of nucleotides which locate around the elbow region of the Lshape which fluctuate about five to six times more than the average value. Nucleotides in the position seem to be important in the dynamics of the entire structure. The normal mode calculation can provide us with quite quantitative dynamic properties of the structure over a time range longer than the frequently used molecular dynamics simulation, to the extent where no large conformational changes occur. The calculation may be effective not only to understand the molecular recognition of tRNA but also to study the general three dimensional structures or functions of RNAs. Consideration of the effects of solvent and sugar puckers will be the subject of future study.
